Cauliflower mosaic virus (CaMV) is a DNA-containing pararetrovirus replicating by means of reverse transcription of a terminally redundant pregenomic 35S RNA that is also used as a polycistronic mRNA. The leader of 35S RNA is long, highly structured, and contains multiple short ORFs (sORFs), which strongly interfere with the ribosome scanning process. Translation of this RNA is initiated by a ribosome shunt mechanism, in which ribosomes translate the most 5-proximal short ORF (sORF A), then skip a large region of the leader containing a putative RNA encapsidation signal and reinitiate translation at the first long viral ORF. Here, we demonstrate that the efficiency of the sORF A-mediated ribosome shunt is an important determinant of viral infectivity. Point mutations in sORF A, which reduced the basal level of shunt-dependent expression and the degree of shunt enhancement by a CaMV-encoded translation transactivator (TAV), consequently reduced infectivity of the virus in turnip plants. First-or second-site reversions appeared in the viral progeny. The second-site reversions restored shuntdependent expression to an extent correlating with their relative abundance in the progeny. Mutations that abolished both the basal and TAV-activated components of shunting proved to be lethal. Finally, by using an artificial stem structure that blocks scanning, we obtained direct evidence that ribosome shunt operates during CaMV infection. C auliflower mosaic virus (CaMV) is a plant pararetrovirus with an 8-kbp double-stranded DNA genome (1). It replicates by means of reverse transcription of a terminally redundant pregenomic RNA (35S RNA) transcribed in the nucleus by host RNA polymerase II. The 35S RNA and its spliced derivatives serve as polycistronic mRNAs for viral proteins (2-4). Polycistronic translation depends on the presence of a CaMV-encoded regulator protein, TAV, which is believed to be a translation reinitiation factor (5, 6) (for review see ref. 7). TAV is produced from a monocistronic 19S RNA, the second major viral transcript.
C
auliflower mosaic virus (CaMV) is a plant pararetrovirus with an 8-kbp double-stranded DNA genome (1) . It replicates by means of reverse transcription of a terminally redundant pregenomic RNA (35S RNA) transcribed in the nucleus by host RNA polymerase II. The 35S RNA and its spliced derivatives serve as polycistronic mRNAs for viral proteins (2) (3) (4) . Polycistronic translation depends on the presence of a CaMV-encoded regulator protein, TAV, which is believed to be a translation reinitiation factor (5, 6) (for review see ref. 7) . TAV is produced from a monocistronic 19S RNA, the second major viral transcript.
Translation of 35S RNA is initiated by a ribosome shunt (8, 9) , in which scanning ribosomes bypass most of the 612-nt-long leader sequence with an extended hairpin structure (10) and multiple short ORFs (sORFs) (11) . The bypassed region also includes a putative RNA encapsidation signal that specifically interacts with the viral coat protein (12) . It is thought that the ribosome shunt regulates the usage of 35S RNA for both translation and packaging followed by reverse transcription (13) .
For shunting to occur, ribosomes must translate a short ORF (sORF A, the most 5Ј-proximal in the CaMV leader) in a defined distance upstream of the hairpin structure; after the translocation step, they resume scanning and reinitiate at the start sites (14) (15) (16) . Shunt-dependent translation is enhanced by TAV (15) .
Our previous analysis of the 35S RNA leader revealed that mutations in sORF A frequently revert on passage of the respective CaMV mutants in planta (11) . This provided evidence that the sORF A-mediated shunt might be important for virus infectivity. In the present work, we show that viability and competitiveness of the virus indeed strongly correlate with the efficiency of TAV-activatable shunting, and we present direct evidence that ribosome shunt operates during CaMV infection.
Methods
Construction of Plasmids. Plasmid ''wild type'' used in this study as a baseline control has been previously described as pLC20 (8) ; it contains a chloramphenicol acetyltransferase (CAT) ORF between the 35S RNA promoter͞leader region and the CaMV terminator region. Mutant and revertant versions of the leader were subcloned into pLC20 from pV322 (11) by using the unique sites EcoRV and ClaI. All point mutations were introduced into the CaMV leader sequence of pV322 by the PCR ligation method; their sequences are given in respective figures. The flanking primers and PCR conditions used have been described previously (11) . Construction of a simplified, shunt-competent, and TAV-responsive CaMV leader has been described elsewhere (15) . In this leader, an extended hairpin structure above stem section 1 was replaced by a short but very stable stem (Kozak stem) that strongly inhibits scanning (17) . The Kozak stem in the center of the full-length leader constructs wild type and M ABC (11) was created by replacing a fragment between two BglII sites (positions 218 and 238) by a self-complementary oligonucleotide 5Ј-GATCgggcgcgtggtggcggctgcagccgccaccacgcgccc-3Ј, yielding KS-Bgl and M ABC KS, respectively.
Protoplast Transfections and Reporter Gene Assays. Protoplasts were prepared from suspension cultures of Orychophragmus violaceus (the Japanese violet, a CaMV host plant) and transfected with plasmid DNA by electroporation as described elsewhere (15) . A 10-g CAT plasmid was always cotransfected with 2.5 g of a ␤-glucuronidase (GUS)-expressing plasmid to serve as an internal standard of transfection efficiency. For transactivation, 5 g plasmid pHELP7 (5) expressing the TAV protein was also added. For each CAT construct, transfections were repeated at least three times with fresh DNA preparations of independent clones and in new protoplast batches. Additional transfections were performed if deviations in the normalized CAT expression were more than 10% of the average value. CAT and GUS assays were performed as in ref. 15 .
Virus and Plants. Construction of CaMV mutants, mechanical inoculation of turnip plants, DNA preparation and PCR, and cloning and sequencing of viral progeny from infected plants were performed as described in detail previously (11) . Turnip plants were propagated in a phytobox with illumination for 16 h͞day at 22-24°C. The recombinant, aphid nontransmissible CaMV strain Ca540 was used to avoid cross-contamination by aphids. Progeny of viable mutants was passaged at least two times to new turnip plants and sequenced. Usually, the infected This paper was submitted directly (Track II) to the PNAS office.
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tissues of two plants were pooled together for passaging and total DNA isolation. The CaMV leader region was amplified by PCR using Vent polymerase (Biolabs, Northbrook, IL). The resulting PCR product was trimmed by EcoRV and BstEII and cloned into pV322. Eight to ten individual clones for each progeny were sequenced (for further details, see ref. 11).
Results and Discussion
Ribosome Shunt During Virus Infection. Removal of sORFs A, B, and C abolishes shunting but concomitantly increases the flow of scanning ribosomes migrating through the central region of the CaMV leader (15) . This increased flow can overcome the barrier of the remaining sORFs and significantly contribute to downstream expression in plant protoplasts (Fig. 1A, line 2) . A CaMV mutant lacking sORFs A, B, and C (11) exhibits a delay in the appearance of symptoms and eventually restores sORF A. We hypothesize that the significant level of scanning-dependent expression could explain the nonlethal phenotype of this CaMV shunt-negative mutant. To test this hypothesis, a short, artificial sequence [''Kozak stem'' (KS)] known to block scanning (6, 17) , was introduced into the center of the CaMV leader. The combination of KS insertion and sORF A, B, and C mutations completely abolished both expression downstream of the leader in plant protoplasts and infectivity of the corresponding CaMV mutant in turnip plants ( Fig. 1 A, cf. lines 2 and 3) .
In contrast, the KS element alone did not drastically reduce downstream expression ( Fig. 1 A, cf. lines 1 and 4) , confirming that ribosome shunt is a main initiation mechanism on the CaMV leader. The corresponding CaMV mutant was infectious; all four plants inoculated developed normal symptoms, although with a significant delay ( Fig. 1 A, line 4) .
Sequence analysis of the progeny of the mutant virus revealed that the KS sequence was unstable. After the first infection cycle, five types of deletions ranging from 41 to 55 nt were found that removed this sequence fully or partially (Fig. 1B , deletions 1-5). Four of these deletions could be assigned to forward jumps of the reverse transcriptase (RT) complex with the nascent DNA minus strand by using short direct repeats (shown by arrows in Fig. 1B) . However, deletion 5 must have occurred by means of a more complicated scenario, because a 3-nt insertion was found at the site of deletion (Fig. 1B) . A mechanism for such deletions͞ insertions has been proposed for RNA viruses (18) . In CaMV, transient template misalignment and premature template switch by the RT complex are the most likely mechanisms explaining deletion͞insertion and recombination events during viral evolution (19, 20) . Finding these characteristics, which suggest the involvement of reverse transcription in the removal of the KS sequence, provides supportive evidence for ribosome shunt in CaMV, because translation of the KS-containing RNAs had to occur before reverse transcription.
After two passages, the revertants with deletions 3 and 5 evolved further by acquisition of a 7-nt insertion in the previous deletion site (insertion 3 in Fig. 1B ) and a 21-nt deletion in a second site (from T404 to G424), respectively. This was indicative of possible restoration of the original RNA secondary structure affected by the Kozak stem. By using the MFOLD program (Wisconsin Package, Version 9.0; Genetics Computer Group, Madison, WI) we analyzed the secondary structures of the mutant and revertant CaMV leaders. Indeed, a tendency for most of the deletions and insertions to restore integrity of stem section 3 was observed (Fig. 1C, and other results not shown) . The importance of stem section 3 was also inferred from a previous study, where compensatory point mutations generated in planta restored the formation of a 10-bp helix in this region (11) . We have also observed that a deletion of 14 nt between the two BglII sites, which were replaced in this study by the KS sequence, itself led to the appearance of insertions of 16 or 29 nt in planta by duplication of the sequence located upstream of the deletion site, most likely by backward jumps of the RT complex, which restored stem section 3 (M.M.P., unpublished observations). We assume that integrity of stem section 3 is important for proper formation and͞or exposure of a putative RNA encapsidation signal comprising the upper part of stem section 3 and the bowl region on its top (Fig. 1C ). This part of the leader can specifically interact with the viral coat protein (12) , an event thought to initiate 35S RNA encapsidation into the previrion where reverse transcription occurs. Thus, the Kozak stem most likely interferes with packaging͞reverse transcription rather than gene expression.
In summary, we obtained direct evidence that shunting operates during CaMV infection, because insertion of the KS element that blocks scanning in the CaMV leader did not abolish infectivity. However, the KS sequence was unstable in viral progeny, possibly because of interference with the formation of secondary structure in the central part of the leader.
Effects of Mutations in the Termination Site and Coding Content of
sORF A on CaMV Infectivity. According to the ribosome shunt model, the proper position of the sORF A stop codon a few nucleotides upstream of the CaMV leader hairpin is a critical parameter (14, 15) . Indeed, a point mutation in the stop codon (UAG to UAC) that elongates sORF A by an additional 23 codons almost abolished shunt-dependent expression both in the absence and the presence of TAV (Fig. 2, line 2 ) and severely (Fig. 1 A) . With the simplified leader, a contribution of scanning-dependent expression because of mutations in sORF A could be almost completely excluded (15) . Consequently, most of the mutations resulted in a slightly less pronounced negative effect in the context of the wild-type leader (Fig. 3, and other results not shown) . Infectivity of the CaMV mutants was studied in turnip plants as described previously (11) ; delays in symptom development after the first inoculation with viral DNA are given in percent with respect to the time required for symptom appearance with the wild-type virus (i.e., 20 days ϭ 100%). All of the viable mutants developed symptoms visually indistinguishable from the wild-type symptoms characteristic of strain Ca540 (see Methods) even after long delays and reversions.
reduced infectivity of the virus (11) . In contrast, a mutation of the same nucleotide that only changed the nature of the stop codon (UAG to UAA) affected neither shunt-dependent expression nor infectivity of the virus (Fig. 2, line 3 ). This mutation was stable for two passages in turnip plants.
Displacement of the sORF A stop codon by one triplet upstream or downstream moderately reduced the basal level of shunt-dependent expression and, more strongly, the level of TAV-activated expression (Fig. 2, lines 4 and 5) . Both of these mutations led to delayed symptom development and appearance of reversions in the progeny. For the first mutant, 50% of the second passage progeny contained a true reversion of the original sORF A by a T to G substitution, whereas the rest of the sequenced genomes retained the introduced mutation (Fig. 2,  line 4) . The second mutant with less efficient shunting had reversions in all cases. In one mixed progeny of two infected plants, two types of reversions were found; both restored a stop codon at the wild-type position (UAC to UAG or UAA; Fig. 2 , line 5). Thus, both revertant sequences included two stop codons in a row and, when tested in the protoplast system, almost fully restored shunt-dependent expression and its responsiveness to TAV (Fig. 3A, lines 4 and 5 vs. 1). Another progeny that appeared only in one of the two plants inoculated by an independent clone of this mutant evolved a second site mutation changing the mutated UAC triplet to CAC (Fig. 2, line 5a ). This reversion, however, did not fully restore the latency period after two passages (the delay was still 28%). Also, it did not improve the decreased basal level of expression and only slightly restored TAV-activated expression (Fig. 3A, cf. lines 2 and 3) . Finding of such a reversion suggested that a suboptimal position of the stop codon might be partially compensated by the nature of the preceding codon. To evaluate this hypothesis, the UAC codon preceding the shifted stop codon was converted to GAG, which is the penultimate codon in the wild-type sORF A. Although the basal level of shunt-dependent expression was not restored with this mutation, confirming that the shifted position of the stop codon is indeed suboptimal, an effective response to TAV was restored and the corresponding CaMV mutant exhibited only a slight delay in symptom development; the introduced mutation was stable for two passages (Fig. 2, line 6 ).
Previous work on the shunt mechanism has established that the particular coding content of sORF A is not critical for efficient shunting, unless sORF A is replaced by a regulatory sORF that can conditionally repress downstream reinitiation [e.g., by the ''MAGDIS'' peptide-encoding sORF (16); or by the yeast GCN4 sORF 4 (15) ]. In the present study, we observed that four different point mutations, which modify either the second or the third amino acid of sORF A without changing the position of the start and stop codons, only slightly increased the latency period of the virus and were stable after two passages in turnip plants (Fig. 2, lines 7-10 ). This confirms that the sORF Aencoded peptide is not required for infectivity. In the protoplast system, we did observe a moderate decrease in shunt-dependent expression because of some of these mutations (Fig. 2, lines 7-9 ). In two of these cases, the basal level of shunting was decreased (lines 8 and 9), and, in one case, the response to TAV was selectively compromised (line 7). Notably, in this latter mutant as well as in the mutant with shifted stop codon (Fig. 2, line 5) , a UAC codon at the penultimate position correlated with a reduced responsiveness to TAV.
In summary, we obtained in planta evidence that a proper position of the sORF A stop codon is critical for viral infectivity, which strongly correlated with efficiency of shunt-dependent expression in plant protoplasts. We also demonstrated that the degree of shunt enhancement by TAV influenced by the penultimate codon of the sORF is another important parameter that could improve infectivity when the position of the stop codon was suboptimal.
Effects of Mutations in the Initiation
Site of sORF A. We have previously observed that replacement of the sORF A AUG start codon by UUG still allows some shunting both in the in vitro translation system (14) and in plant protoplasts in the presence of TAV (15) . Also, CaMV mutants lacking the sORF A AUG start codon because of point mutations to UUG or ACG did not exhibit any drastic delay of symptom development; first-or second-site reversions creating an in-frame AUG arose slowly and dominated in the progeny only after the third passage (11) . Because both UUG and ACG have been reported to function as non-AUG initiation codons in plant cells (21) , and given that a stem structure downstream of a non-AUG start codon favors its use (22) , a reasonably substantial rate of initiation might be expected allowing a level of sORF A-mediated shunt sufficient to rescue infectivity. To completely destroy ORF A, we replaced its start codon with the UAG stop codon. This codon should exclude any initiation at the given position and terminate translational events that may have originated at the two in-frame AUA triplets located directly upstream of the original start codon as well as at other non-AUG start codons located still further upstream (see the sequence in Fig. 3 ). As expected, the resulting viral mutant was not infectious at all (Fig. 2, line 12) , thus verifying that sORF A translation is essential for CaMV viability.
Comparison of the effects of the UUG and UAG mutations on expression in protoplasts revealed an important difference: both mutations drastically reduced the basal level of shunting, but an effective response to TAV was observed only in the case of the UUG mutation (Fig. 2, cf. lines 11 and 12 ), indicating activation of shunting.
The UUG mutation and other mutations modifying the start site of sORF A resulted in a number of second site reversions in planta creating in-frame AUG codons that open N-terminally extended variants of sORF A (11) (Fig. 2) . The effect of these reversions on shunt-dependent expression was tested. All of them restored expression fully or partially and allowed effective transactivation by TAV (Fig. 3B) . The relative abundance of revertants in the progeny correlated well with the degree of restoration of expression (Fig. 3B) .
The expression level supported by sORF A variants with different length or coding content varied. The longest sORF generated by a second site reversion in the mutant M A tTt (11) encoded eight amino acids and fully restored expression (Fig. 3B,  line 11 ), whereas some shorter versions only partially restored expression (e.g., line 9). This again indicates that the coding potential of sORF might modulate efficiency of shunting͞ reinitiation.
Mutation of the sORF A AUG start codon to ACA created a one-codon (start͞stop) sORF, which severely reduced downstream translation and viral infectivity (Fig. 2, line 13 ). Reversions appeared already in the first infection cycle (11) . Again, the most frequently recovered revertants, or those dominating in later passages, restored expression significantly (Fig. 3B, lines 14 and 12) or completely (lines 15 and 1). A reversion observed in only one clone destroyed the one-codon sORF without introducing any start codon. This reversion increased expression only slightly and only in the presence of TAV (Fig. 3B, lines 13 and  12) , thus resembling the sORF start codon knockout mutants described above. Apparently, the one-codon sORF without peptide elongation step cannot functionally substitute sORF A in mediating ribosome shunt (see ref. 15 ) and is, therefore, deleterious for CaMV infectivity.
In summary, the analysis of second site reversions of the sORF A AUG start codon revealed the close correlation between ribosome shunt efficiency and revertant competitiveness in progeny. This analysis also established that, in contrast to the stop codon position, the location of the sORF A start codon is not critical for efficient shunting. It is conceivable, however, that increasing the length of sORF A beyond a certain threshold would abolish shunt-dependent expression, because the ability of a ribosome to reinitiate translation is inversely correlated with the length of upstream ORF (23) . (Fig. 2) . Conversely, not every reduction of shunt efficiency also led to a big delay in symptom development and to reversions (e.g., Fig. 2 , lines 6, 9 and 11). Only those mutations that reduced the responsiveness of shunt-dependent expression to TAV exhibited a drastic reduction of infectivity (e.g., Fig. 2, lines 4, 5, 13) .
Mathematical calculations revealed a statistically significant inverse correlation (with a linear regression coefficient P Ͻ 0.05) between the delay in symptom development and both the TAV-activated expression level (P ϭ 0.00011, Fig. 4A ) and the increment of the expression because of TAV (P ϭ 0.00019, Fig.  4B ). In the latter case, a hyperbolic regression curve reflects the correlation best, with only one point falling out (corresponding to the UUG mutant; Fig. 4B ). However, this particular mutant had a high reversion rate that reflects a defect in infectivity despite only a slight delay in the appearance of symptoms. Notably, all sORF A mutations with an increment value Ͻ40, i.e., 27.5% of the wild-type increment, were either unstable in planta leading to reversions restoring shunting, or lethal. Thus, we conclude that the TAV-activated component of shunt- dependent expression is a particularly important determinant of CaMV infectivity.
It has to be considered that the analyses of shunting and infectivity use two different assay systems. Translational regulation events often respond to cellular conditions (e.g., ref. 24) and are therefore variable in different systems. For example, it is unknown how efficiently non-AUG codons like the UUG in the mutant M A tTG are recognized in vivo. Furthermore, we have shown before that the efficiency of shunt-dependent expression can be very variable in different types of plant cells (25) and the efficiency of the basal shunt in virus-infected cells is difficult to establish. Shunting requires translation reinitiation (15, 16) , and work in other systems has shown that reinitiation efficiency can depend on metabolic conditions (e.g., ref. 26) . It is therefore possible that, in infected cells, the nonactivated shunt-dependent expression is lower than in our assay system and that the reinitiation enhancement by TAV is more important to obtain expression at all. In this case, TAV would not only be required to allow translation of the further downstream ORFs on the CaMV 35S RNA (2, 3) but would be already involved in determining whether any considerable translation occurs beyond sORF A.
Possible Role for Ribosome Shunt in CaMV. Several lines of evidence presented here lead us to conclude that the sORF A-mediated shunt mechanism is essential for CaMV infectivity. What could be the role of ribosome shunt? We hypothesize that this mechanism regulates the usage of 35S RNA for both translation and replication. Shunting leaves the upper part of the leader structure, which harbors the putative encapsidation signal (12) , free of scanning ribosomes and therefore exposed for the interaction with the viral coat protein. In fact, the CaMV mutants with the AUG-free leader or the leader lacking AUGs of sORF A, B, and C, which allow efficient scanning-dependent translation (15) (Fig. 1 A) , exhibit significant delays in symptom development (11) . This could be explained by the negative effect of scanning ribosomes on the coat protein binding, either because of direct steric hindrance, or because scanning prevents structure formation. The pattern of dominant reversions in these leaders generated in planta clearly shows that sORF A is most frequently restored, whereas other reversions mainly tend to restore the secondary structure, especially in the upper part of the leader hairpin (11) . Taken together, our findings support the key role of sORF A in a shunt mechanism that diverts ribosomes from migration through the center of the leader and are also indicative for the importance of the structure formation for other processes, most likely including packaging.
A growing number of reports describe ribosome shunt or related processes operating on viral RNAs (27-31) and a few cellular mRNAs (31, 32) , suggesting that shunting is a general translation mechanism reflecting an intrinsic property of the eukaryotic ribosome. The present study provides an example of ribosome shunt functioning in a biologically relevant context. We predict that the role of shunting in preserving RNA structural elements during translation initiation, as suggested here, will prove to be of general importance.
